Introduction
C ell-based cardiac repair has emerged as a promising approach to regenerate congenital and acquired lesions of the heart. 1 Feasibility has been demonstrated in vivo [2] [3] [4] [5] and in experimental therapeutic paradigms. 6 However, inadequate cell survival and differentiation, insufficient contractile force generation, and lack of knowledge concerning the mechanisms underlying functional improvement limit widespread clinical translation of cell-based therapies. 6, 7 Strategies to enhance and study the properties of tissueengineered cardiac grafts in vitro include biochemical and physical signaling (e.g., with regulatory molecules, 8 mechanical stretch, 9 ,10 electrical stimulation, 11 hydrodynamic shear, [12] [13] [14] uni-directional perfusion, [15] [16] [17] [18] and prevascularization of porous three-dimensional (3D) scaffolds (e.g., with co-cultured endothelial cells and stem cells). 19 In a recent in vivo study, exogenous heart cells were embedded in Matrigel and implanted near an arteriovenous loop to generate vascularized, contractile cardiac tissue. 5 However, this approach did not permit elucidation of underlying mechanisms, because the observed sequelae resulted from complex and undefined combinations of transplanted and host cells, compounded by the cascade of regulatory molecules thereby secreted in an uncontrolled mechanical environment. In contrast, in vitro models (i.e., heart cells cultured on biomaterial scaffolds in bioreactors) can achieve the levels of control required for systematic studies of biochemical and mechanical signaling that can in turn enable the functional assembly of 3D tissue-engineered cardiac constructs.
In the present study, insulin-like growth factor-I (IGF) was selected to promote cell survival and growth, and slow, bidirectional perfusion was used to enhance mass transport and provide fluid shear stress. One hundred ng=mL of IGF was selected because this factor and concentration improved the contractile properties of 3D cardiac constructs and increased the viability of the component heart cells, whereas 1 and 10 ng=mL of IGF did not produce significant effects. 8 Slow perfusion at a linear flow velocity of 0.2 mm=s was selected because similar flow velocities (0.2 to 0.7 mm=s) enhanced cell survival and differentiation in 3D cardiac constructs. 12, [16] [17] [18] Flow velocities at the low end of those previously tested were selected because velocities higher than 0.523 mm=s were associated with activation of the p38 cell death signal in 3D cardiac constructs. 17, 18 Bi-directional flow was selected to perfuse the construct with fresh medium via its top and bottom surfaces, thereby enhancing cellular access to oxygen, nutrients, and growth factors; in contrast, uni-directional flow at low velocity, like static culture, can result in spatial concentration gradients. [20] [21] [22] In the present study, bi-directional flow was achieved by creating relative motion between a construct and its culture medium using simple oscillation of a closed-loop chamber in which the specimen was immobilized. We tested the hypothesis that IGF and slow, bi-directional perfusion could act independently and interactively to enhance the survival, differentiation, and contractile performance of tissue-engineered cardiac grafts.
Materials and Methods

Cells
All studies involving experimental animals were performed according to a protocol approved by an Institute Committee on Animal Care. Heart cells were obtained from 2-day-old neonatal Sprague Dawley rats (3 studies totaling 74 rat pups). In brief, the ventricles were harvested, minced into 1-mm 3 pieces, and incubated for 16 h at 48C in 0.06% (w=v) trypsin in Hank's balanced salt solution (HBSS). The partially digested tissue was subjected to a series of digestions (each for 5 min at 378C and 50 rpm) in a solution of 0.1% (w=v) type II collagenase (Worthington, Lakewood, NJ) in HBSS. The freshly dissociated heart cells were plated in T-flasks, the cells that rapidly attached to the flasks were discarded, and the cells that remained unattached after 1 h of pre-plating were used to prepare constructs. 8 Immediately before construct preparation, the cells were centrifuged (1,000 rpm, 10 min) and resuspended at high density in Matrigel (1.2% w=v, BectonDickinson, Franklin Lakes, NJ), working at 48C to maintain the cell-Matrigel mixture in a liquid state. Under these conditions, cells used for construct preparation can be expected to consist of a mixed population of approximately 42% cardiomyocytes, 40% cardiac fibroblasts, and minor fractions of unidentified cell types. 23 Likewise, the constructs generated over an in vitro culture period of 5 to 11 days can be expected to consist of approximately 40% to 50% cardiomyocytes. 23 
Construct preparation and cultivation
The scaffold was a water-insoluble collagen sponge with interconnected pores fabricated from collagen derived from a partial hydrochloric acid extraction of purified dermal (corium) collagen (Ultrafoam, Davol Inc., Providence, RI). 8, 11, 16, 24 Scaffolds were prepared as die-punched discs that were approximately 8 mm in diameter by 3 mm thick when dry and contracted to approximately 7 mm in diameter by 1.5 mm thick within 24 h after wetting. For bioreactor studies, a silicone rubber molding kit (Sylgard 184, Ellsworth Adhesives, Germantown, WI) was used to fabricate specimen holders and affix them to gas-permeable silicone tubing (1=32" wall Tygon 3350, Cole Parmer, Vernon Hills, IL). In brief, each scaffold was press-fitted into the base of a specimen holder and seeded with 6 million cells mixed in 40 mL of Matrigel. The mixture was delivered uniformly to the top surface of the scaffold using a pipet, wherein gelation of the Matrigel entrapped the cells within the scaffold. 24 Immediately thereafter, the specimen holder was closed, resulting in a 3D construct immobilized in a 6.35-mm-diameter by 8-mm-long chamber within a loop of tubing (Fig. 1) . This closed-loop chamber was mounted on a 12.5-cm-diameter supporting disc, and 10 mL of culture medium was added through an inlet port (Fig. 1) .
Multiple closed-loop chambers (6 to 12) were mounted on an incubator-compatible base that slowly oscillated the chambers about their central axes in a pendulum-like motion (Fig. 1) . Closure of limit switches positioned on either side of the device triggered oscillation of the closed-loop chamber.
FIG. 1. Oscillatory perfused bioreactor. (A)
The tissue culture vessel is a closed loop of gas-permeable silicone tubing connected to a chamber (arrowhead) within which a single disc-shaped construct is fixed in place such that fluid cannot flow around its edges. The design principle is to apply bidirectional direct perfusion to the full thickness of the construct by oscillating the vessel about its central axis in a pendulum-like motion. (B) The prototype system included a set of 6 to 12 closed loops, each containing a single construct and 10 mL of culture medium and mounted on an incubatorcompatible motorized base. Color images available online at www.liebertonline.com=ten.
CHENG ET AL.
Limit switch closure toggled the state of a J-K flip-flop, which toggled the state of a double pull-double throw relay, which reversed the polarity of the direct current power to the motor, thereby reversing its direction of rotation. In the present study, the arc of oscillation ranged from 1808 to 2708, and the oscillatory speed was 0.05 revolutions per min. This corresponded to a linear flow velocity of 0.2 mm=s, as estimated through simple geometrical calculations based on actual device dimensions. Interstitial fluid flow was ensured by fixing the construct within the specimen chamber such that fluid could not flow around the construct. This bioreactor system considered features of significance not only to tissue culture, but also to clinical translation (asepsis, scale-up, automation, and ease of use). 25 In addition to constructs cultured in bioreactors, otherwiseidentical constructs were cultured in static Petri dishes (1 construct and 10 mL of medium per 35-mm well). A statically cultured construct is expected to encounter diffusional limitations, in part due to its position on the bottom of the dish and in part due to absence of convective mixing. Culture media were supplemented or not with 100 ng=mL of IGF (Peprotech, Rocky Hill, NJ). Four experimental groups were established: (i, ii) static cultures in control or IGFsupplemented medium (static CTL, static þ IGF) and (iii, iv) bioreactor cultures in control or IGF-supplemented medium (bioreactor CTL, bioreactor þ IGF). Media were completely replaced on day 4, and constructs were harvested on day 8, consistent with our recent study. 8 Apoptosis, cell viability, metabolic activity, and deoxyribonucleic acid content Apoptosis was assessed in constructs and native neonatal rat ventricles using the terminal deoxynucleotidyl transferase biotin 2'-deoxyuridine 5'-triphosphate nick end labeling (TUNEL) assay. 8 In brief, an observer blinded to the identity of the specimen counted apoptotic and total cells, identified using TUNEL and staining with 4',6-diamidino-2-phenylindole dihydrochloride (DAPI), respectively, for four randomly selected regions of duplicate specimens from each group, and then the apoptotic cells were expressed as a percentage of the total cells. Cell viability was assessed using the 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. 8 A glucose-lactate analyzer (Model 2300 Stat Plus Yellow Springs Instruments, Yellow Springs, OH) was used to measure media concentrations of glucose and lactate, and the molar ratio of lactate produced to glucose consumed was calculated as an index of aerobicity, with aerobic and anaerobic metabolism indicated by values of 1.0 and 2.0, respectively. 8 Construct amounts of deoxyribonucleic acid (DNA) was assessed for five constructs per group using the Quant-iT Picogreen double strand DNA assay kit (Invitrogen, Carlsbad, CA).
Cardiac marker and total protein contents
Construct amounts of total protein, cardiac troponin-I (Tn-I), and connexin-43 (Cx-43) were assessed after homogenization of constructs in 1 N ammonium hydroxide=2% Triton X-100 buffer. 8 Total protein was determined for five constructs per group using a Bio-Rad DC assay kit (Hercules, CA). Amounts of cardiac Tn-I and Cx-43 were determined using Western blot using triplicate constructs from each group and control specimens of native neonatal rat heart tissue. 8 In brief, homogenates of construct or native heart, each containing 20 mg of total protein, were loaded onto a gel, electroblotted, blocked for nonspecific antibodies, and incubated with a primary antibody (anti-cardiac Tn-I (clone 23C6, Biodesign, Saco, ME) or anti-Cx-43 (C6219, Sigma, St. Louis, MO)), an appropriate secondary antibody, and immunocomplexes were developed using enhanced horseradish peroxidase-luminol chemiluminescence (Amersham, Buckinghamshire, UK) and detected using photographic film. The intensity of the entire resulting band was quantified using Image J software. Band intensity was measured for blotted samples containing equal amounts of total protein and expressed as a percentage of native neonatal rat heart tissue, as in previous studies of these and other marker proteins in 3D cardiac constructs. 8, 11, 13, 14 Structural assessments
Cell morphology in 8-day constructs was assessed after immunohistochemical staining for cardiac Tn-I. In brief, two or three specimens per group were incubated with anticardiac Tn-I, an appropriate secondary antibody, stained with a Standard Elite ABC kit (Vector, Peterborough, UK), and counterstained with hematoxylin. 8 Cell distribution, elongation, and differentiation were assessed at magnifications of 100X and 1000X. Overall tissue morphology was assessed using image analysis as follows. Digital photomicrographs obtained from two specimens per group were calibrated (mm=pixel) and subjected to intensity thresholding to differentiate lighter pores from the surrounding, darker background, and pore areas were measured using SigmaScan Pro (SPSS Inc., Chicago, IL). The minimum, maximum, and average effective (circular) pore radii were calculated for each pore as the square root of (area=p); 645 individual pores were quantified.
Electrophysiologic assessments
Contractile properties were assessed in an environmentally controlled test chamber 8 in which there were two ¼-inchdiameter carbon rod electrodes (Ladd Research, Williston, VT) separated by 1.5 cm and connected to platinum wire leads. The leads were attached to a computer-controlled electrical pulse generator based on a LabPro sensor interface (Vernier Software and Technology, Beaverton, OR). If present, spontaneous contraction rate was recorded. Electrically induced contractions were then elicited using electric field stimulation applied as a 1-Hz biphasic square voltage waveform. The pulse width was half of the wavelength (i.e., 0.5 sec). Excitation threshold was determined by incrementally increasing the voltage until a synchronous contraction of the construct followed each stimulus. Contractile amplitude was assessed usng automated analysis of the change in construct cross-sectional area during one contractile cycle, using digitized videos of constructs paced at 1 Hz and a voltage 1.5 times as high as threshold. 8 
Statistical analyses
Data were calculated as means AE standard errors and analyzed using two-way analysis of variance in conjunction with Tukey's post hoc test using Statistica (Tulsa, OK).
FORMATION OF TISSUE-ENGINEERED CARDIAC GRAFTSResults
IGF and also by perfusion increased the total amount of DNA per construct to some degree, but these effects did not reach statistical significance (Table 1 ). The number of apoptotic (TUNEL-positive) cells expressed as a percentage of total (DAPI-positive) cells showed significant reductions due to IGF ( p < 0.01) and perfusion ( p < 0.01), and there was an interactive effect between these two factors ( p < 0.01) (Fig. 2A , Table  1 ). Apoptotic cells were readily observed in constructs from the static CTL group and were progressively less prevalent in the static þ IGF, bioreactor CTL, and bioreactor þ IGF groups (Supplemental Fig. 1 , available online at www.liebertonline .com/ten). IGF ( p < 0.01) and perfusion ( p < 0.01) significantly increased cell viability measured using MTT assay (Fig. 2B , Table 1 ). Moreover, perfusion significantly lowered the molar ratio of lactate produced to glucose consumed, indicating more (Fig. 3 A, B) . Cell distributions were spatially uniform, without any sign of core necrosis. To estimate fluid shear stress (t) due to a mean linear flow velocity (v) of 0.2 mm=s, the following set of simplifying assumptions were made. The pores, which actually exhibited highly variable morphology, were assumed to be circular to facilitate calculation of an effective pore radius (R) by image analysis. Flow, which would actually exhibit preferential distribution through the larger pores, was assumed to be uniformly distributed to estimate fluid shear stress at the wall of the pore according to the Hagen-Poiseuille equation: t ¼ 4mv=R. 26 Viscosity (m) of the culture medium was assumed to be equal to that of water at 378C (0.0076 dyn-s=cm 2 ). 27 The minimum, maximum, and average effective pore radii in 8-day constructs were 4, 126, and 20 mm, respectively, and the corresponding range of estimated shear stresses was 0.05 to 1.5 dyn=cm 2 , with an average value of 0.3 dyn=cm 2 . The majority of cells in 8-day constructs from all groups exhibited strong positive immunostaining for cardiac Tn-I, a cardiac-specific marker protein (Fig. 3 C-F) . In the presence of perfusion (Fig. 3 D, F) , most of the cells appeared elongated and contained centrally positioned elongated nuclei, suggestive of early differentiation. In contrast, most of the cells in static cultures appeared rounded (Fig. 3 C, E) . Cross-striations characteristic of native myocardium were observed only in the presence of perfusion. Under the conditions tested in the present study, supplemental IGF did not cause any morphological changes that could be detected using immunostaining for cardiac Tn-I. Native neonatal rat ventricular tissue was comprised of higher-density and more-oriented cells than tissue engineered cardiac grafts (Fig. 3 G, H) . Perfusion significantly increased the amounts of cardiac Tn-I ( p < 0.01, Fig. 4A, Table 1 ), connexin-43 ( p < 0.05, Fig. 4B, Table 1 ), and total protein ( p < 0.01, Fig. 4C, Table 1 ) in homogenized constructs. Supplemental IGF did not significantly affect cardiomyocyte differentiation, as assessed according to the amounts of cardiac markers and total protein measured in homogenized constructs.
Robust spontaneous contractility at a rate of approximately 1.0 Hz was readily apparent in 8-day constructs cultured with perfusion (the bioreactor CTL and bioreactor þ IGF groups) but not in static cultures (the static CTL and static þ IGF groups). The slow rate of spontaneous beating compared with the normal neonatal rat heart rate can be attributed to separation of atria from ventricles during heart cell isolation. 5 In all experimental groups, electrical field stimulation readily induced synchronous contraction.IGF ( p < 0.01, Fig. 5A , Table 1 ) and perfusion ( p < 0.01, Fig. 5A , Table 1 ) significantly increased contractile amplitude, assessed according to percentage area change. Moreover, IGF ( p < 0.01) and perfusion ( p < 0.01) significantly lowered excitation thresholds (Fig. 5B, Table 1 ). The bioreactor þ IGF group exhibited the highest contractile amplitude (412% higher than the static CTL group) and the lowest excitation threshold (45% as high as the static CTL group).
Discussion
One novelty of the present study was that multi-factorial stimulation with IGF and perfusion independently and interactively reduced apoptosis and enhanced viability of heart cells in tissue-engineered cardiac grafts (Fig. 2, Table 1 ). The overall rate of cell death in the static CTL group was similar to values we and others previously reported for statically cultured 3D cardiac constructs. 8, 16, 17, 28, 29 IGF-mediated cardioprotection was consistent with our previous study 8 and with previous studies that implicated the Akt signaling pathway. 4, [30] [31] [32] The perfusion-mediated increase in cell viability, also consistent with previous studies, [15] [16] [17] [18] 20 was presumably due to enhanced oxygen transport, because hypoxia is a powerful inducer of apoptosis. 33 In the present study, the entire culture vessel was made of highly gas-permeable silicone rubber; hence the entire device served as an oxygenator from the moment heart cells were placed therein.
Dvir et al. found that cell death in 3D cardiac constructs subjected to pulsatile, uni-directional flow was two to three times as high at shear stresses of 2.4 and 5.4 dyn=cm 2 as at a lower shear stress of 0.6 dyn=cm 2 , as determined according to activation of the p38 cell death signal and the MTT and trypan blue exclusion assays. 18 In the present study, in which shear stresses ranged from 0.05 to 1.5 dyn=cm 2 , one could speculate that the observed interactive effects of IGF and perfusion on apoptosis may be due to IGF-mediated rescue of flow-mediated apoptosis via the superposition of two distinct mechanisms. As an alternative or complementary explanation, shear stress may have enhanced expression and release of IGF and its binding proteins by a subset of the seeded heart cells as reported for vascular cells. 34, 35 In the present study, slow, bi-directional perfusion of porous constructs at a low flow velocity of 0.2 mm=s yielded spontaneously contractile 8-day grafts, in contrast to unidirectional flow regimes [16] [17] [18] and higher velocities of 0.4 mm=s 16 and 0.5 mm=s 17, 18 used previously during heart cell culture on the same 16 and different 17, 18 scaffolds, which did not yield spontaneously contractile grafts. These findings suggest that interstitial flow conditions may mediate spontaneous contractility of cardiac grafts exposed to slow, bidirectional perfusion. In support of this possibility, other studies of heart cells in monolayer cultures showed that low rates of fluid shear increased spontaneous beating in association with integrin-dependent and b-adrenergic signaling 36 and that fluid jet pulses triggered action potentials. 37 Another study estimated that interstitial fluid shear present in vivo, in native myocardium was low (0.05 dyn=cm 2 ) using a model of parallel plates representing heart cell in sheets that were separated by a distance of 10 mm and moved at a relative velocity of 50 mm=s during systole. 36 Perfusion enhanced cardiomyocyte differentiation to a far greater degree than did supplemental IGF with respect to cell elongation and myofibrillogenesis (Fig. 3) and construct amounts of contractile, gap junctional, and total proteins (Fig.  4, Table 1 ). Dvir et al. 18 found that uni-directional interstitial fluid flow increased contractile and gap junctional proteins in engineered cardiac grafts in association with activation of a known inducer of cardiomyocyte hypertrophy, ERK1=2. The investigators speculated that the AT1 receptor may have responded to shear stress exerted by the interstitial fluid flow. 18 Other studies have demonstrated that mechanically active bioreactors, [12] [13] [14] [15] mechanical stretch, 9, 38 and electrical stimulation 11 induced cell differentiation in tissue-engineered cardiac grafts. In accordance with their effects on heart cell viability, spontaneous contractility, and differentiation, IGF and perfusion improved the functional performance of tissueengineered cardiac grafts by increasing contractile amplitude and lowering the excitation threshold (Fig. 5, Table 1 ). IGF receptor-mediated AKT signaling may explain the effects of IGF on contractile properties, 31 which is consistent with results of previous in vitro 8, 9 and in vivo 4 reports. It is likely that mechanotransduction explains the effects of perfusion on contractile properties. 39 Consistent with our previous studies, perfusion culture yielded a viable 3D network of interconnected cardiomyocytes that were uniformly distributed within the 1-mm-thick graft (Fig. 3B) , whereas in nonperfused cultures, the viable heart cells were mainly present in an approximately 100-mm-thick zone at the surfaces of 1-mm-thick grafts. [13] [14] [15] [16] 20 These findings indicate that, although further improvements in graft size and cellularity will be required to address the in vivo reconstruction of fullthickness myocardium, tissue-engineered cardiac constructs can already provide a high-fidelity in vitro model in which to test the efficacy and safety of drugs. 
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In conclusion, the present study used a bioreactor to show independent and interactive effects of IGF and slow, bi-directional perfusion on the survival, differentiation, and contractile performance of 3D cardiac constructs. The results demonstrated the value of a multi-factorial approach that can potentially encompass emerging gene, stem cell, and vascularization strategies for basic cardiac tissue-engineering research and the design of cell-based grafts for myocardial repair.
